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Astrocytes are fundamental players in the regulation of synaptic transmission and
plasticity. They display unique morphological and phenotypical features that allow to
monitor and to dynamically respond to changes. One of the hallmarks of the astrocytic
response is the generation of calcium elevations, which further affect downstream
cellular processes. Technical advances in the field have allowed to spatially and to
temporally quantify and qualify these elevations. However, the impact on brain function
remains poorly understood. In this review, we discuss evidences of the functional
impact of heterogeneous astrocytic calcium events in several brain regions, and their
consequences in synapses, circuits, and behavior.
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DIFFERENT FORMS OF CALCIUM ELEVATIONS IN
ASTROCYTES: THE COMPLEXITY OF SIMPLICITY
Astrocytes have emerged as key players in the regulation of synaptic physiology. They display
complex and heterogeneous morphological structures and are able to sense and respond to
environmental signals, modulate neuronal activity, synaptic transmission, and vascular function
(Araque et al., 2014; Perea et al., 2014; Petrelli and Bezzi, 2016); for review (Petzold and
Murthy, 2011; Zorec et al., 2012). Synaptic activity is integrated by astrocytes (Perea and Araque,
2005) and might result in intracellular calcium (Ca2+) elevations with specific spatial and
temporal properties. These might appear as “global” and/or “focal” responses within the astrocytic
complex morphology. It is yet unclear if global Ca2+ elevations are more representative of an
integrative response or if they are the result of a linear summation of Ca2+ fluctuations or
inositol 1,4,5-trisphosphate (IP3) levels; nevertheless, these have been used for over two decades
as a readout of astrocytic function (Khakh and McCarthy, 2015); for review (Rusakov et al.,
2014; Volterra et al., 2014). Ca2+ elevations may appear spontaneously or may be triggered by
endogenous or exogenous stimuli. Traditionally, the use of Ca2+ indicator dyes allowed for the
detection of Ca2+ elevations within astrocyte somata, but failed to efficiently track them in the
fine processes (Wang et al., 2006; Takata and Hirase, 2008; Nizar et al., 2013). This hindered the
complete interpretation of Ca2+ dynamics. More refined methods to image astrocyte Ca2+ signals
have been recently described (Kanemaru et al., 2014; Srinivasan et al., 2016; Bindocci et al., 2017);
for review (Shigetomi et al., 2016).
There are several mechanisms that trigger the elevation of astrocyte intracellular Ca2+ levels.
The activation of Gq-protein-coupled receptors (GPCR) triggers the IP3 signaling cascade and
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results in robust intracellular Ca2+ elevations, mainly via the
IP3 receptor type 2 activation (IP3R2) (Petravicz et al., 2008;
Takata et al., 2011; Navarrete et al., 2012); for review (Parpura
et al., 2011). Curiously, GABAB receptor (Gi-coupled GPCRs)
activation was also shown to trigger intracellular Ca2+ elevations
in astrocytes (Serrano et al., 2006; Mariotti et al., 2016; Perea et al.,
2016). Moreover, astrocytes express several types of transient
receptor potential (TRP) channels (Verkhratsky et al., 2013).
The spontaneous opening of TRPA1 channels was shown to
contribute to basal Ca2+ levels and to a fraction of intrinsic
fluctuations (Shigetomi et al., 2012, 2013), and their blockade
contributes to a slight decrease in resting Ca2+ levels (Agarwal
et al., 2017). Additionally, TRPC channels modulate Ca2+-
dependent vesicular glutamate release in cortical astrocytes by
contributing to the generation of store-operated Ca2+ entry
(SOCE) (Reyes et al., 2013). More recently, Agarwal et al. (2017)
reported that mitochondria, which are abundant in astrocytic
processes, are the main active source of Ca2+ for localized events
in far distant microdomains.
While our understanding of the origin and features of
astrocytic Ca2+ signaling is steadily growing, its functional
consequences to the surrounding cellular circuits remain poorly
understood. Therefore, this review will focus on the available
data showing functional outputs of astrocytic Ca2+ elevations.
The reader may find useful reviews and discussions elsewhere
on the origin and features of astrocyte Ca2+ elevations (Scemes
and Giaume, 2006; Agulhon et al., 2008; Leybaert and Sanderson,
2012; Volterra et al., 2014; Khakh and McCarthy, 2015; Bazargani
and Attwell, 2016; Shigetomi et al., 2016), and on the role of
astrocyte Ca2+ in pathology (Nedergaard et al., 2010; Agulhon
et al., 2012; Vardjan et al., 2017).
FUNCTIONAL ROLES OF ASTROCYTE
CALCIUM ELEVATIONS
The advent of novel techniques and approaches allowed
for the quantification of astrocytic Ca2+ elevations and the
characterization of their spatiotemporal dynamics in several
brain regions. Below, we will discuss relevant studies that report
on the functional influence of astrocytic Ca2+ elevations on
synapses, circuits, and behavior.
Astrocyte Calcium and Synapses
The studies reviewed in this section describe experiments
performed in rat and mouse brain slices. Several pieces of
evidence indicate that astrocytic Ca2+ elevations precede the
release of gliotransmitters, which may ultimately modulate
synaptic transmission (Figure 1). Different levels of neuronal
activity appear to scale astrocytic Ca2+ levels, leading to
orchestrated (multi)synaptic responses (for review, Araque
et al., 2014). In the hippocampus, ATP-evoked astrocyte Ca2+
was shown to promote glutamate release, which consequently
facilitates synaptic transmission through the activation of
mGluRs (Perea and Araque, 2007). Although further attempts
to control astrocytic Ca2+ signaling failed either to affect
general readouts of synaptic transmission and plasticity in the
hippocampus [using MrgA1 and IP3R2 KO mouse models
(Petravicz et al., 2008; Agulhon et al., 2010)] or to detect
glutamate release in the hippocampus or striatum [upon
Designer Receptor Exclusively Activated by Designer Drugs
(DREADD) activation (Chai et al., 2017)], a series of studies
have supported this hypothesis. In fact, the tight modulation of
astrocytic intracellular Ca2+ is crucial for D-serine-dependent
long-term potentiation (LTP) of hippocampal CA1 pyramidal
cells (Henneberger et al., 2010). Accordingly, a recent study has
showed that acute blockade of Ca2+-dependent IP3 mechanisms
impairs LTP, but that this can be rescued by exogenous D-serine
(Sherwood et al., 2017).
Astrocytic Ca2+ elevations appear to also promote alternative
forms of plasticity in the brain. In the hippocampus, cholinergic
afferents from the medial septum modulate CA1 synaptic
plasticity via an astrocytic Ca2+-dependent mechanism that
triggers glutamate release and consequent activation of mGluRs
in neurons (Navarrete et al., 2012). This mechanism of synaptic
modulation is not restricted to the hippocampus since astrocytic
Ca2+ elevations also mediate muscarinic acetylcholine receptor-
dependent plasticity in the somatosensory cortex (Takata
et al., 2011), as it will be discussed in the next chapter.
Moreover, a recent study showed that the cholinergic input
to astrocytes, driven by active/sleep phases, controls Ca2+-
dependent D-serine release, ultimately gearing up NMDA
receptor activation at CA1 synapses (Papouin et al., 2017).
In a different hippocampal sub-field, the cholinergic activation
of hilar astrocytes triggers intracellular Ca2+ elevations that
precede the activation of hilar inhibitory interneurons, causing
a long-lasting GABAergic inhibition of dentate granule cells
(Pabst et al., 2016). Further evidences point out that astrocytic
Ca2+ mediates endocannabinoid-dependent plasticity. Navarrete
and Araque (2008) reported that the activation of astrocytic
cannabinoid type 1 (CB1) receptors leads to intracellular
Ca2+ elevations, triggering glutamate release and slow inward
currents (SICs) in vicinal pyramidal neurons. Furthermore,
endocannabinoid-triggered elevation of astrocytic Ca2+ levels
contributes to heteroneuronal LTP (Gómez-Gonzalo et al.,
2015). In the striatum, a circuit-specific astrocyte-neuron
signaling takes place in which the release of endocannabinoids
promotes Ca2+ elevations in a specific population of astrocytes,
triggering the release of glutamate that modulates excitability
and synaptic transmission (Martín et al., 2015). Finally,
in the medial central amygdala (CeM), astrocytes receive
endocannabinoid signaling to release ATP and depress excitatory
synapses from basolateral amygdala via A1 adenosine receptor
activation, and enhance inhibitory synapses from the lateral
subdivision of the central amygdala via A2A receptor activation.
This redundancy system results in CeM neuronal inhibition
with impact in animal behavior (Martin-Fernandez et al.,
2017).
Interestingly, astrocytic Ca2+ elevations are not exclusive
to the action of classic excitatory transmitters. Activation of
GABA receptors in astrocytes was shown by different research
groups to trigger Ca2+ elevations with functional synaptic
consequences. Specifically, GABAergic heterosynaptic depression
in the hippocampal CA1 subfield requires astrocytic Ca2+
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FIGURE 1 | Excitatory and/or inhibitory signals trigger Ca2+ elevations in astrocytes and lead to gliotransmitter release. Scheme depicting input signals that trigger
astrocyte Ca2+ elevations and respective transmitter release. Both excitatory (+) and inhibitory (–) signals cause global or focal Ca2+ elevations in astrocytes (Left),
and precede gliotransmitter release that might exert excitation or inhibition of neighboring synapses (Right). For each reference, the region studied is indicated in
black (Amy, Amygdala; BrSt, brainstem; CA1, CA1 subfield of the hippocampus; Ctx, cortex; DG, dentate gyrus; hHip, human hippocampus; Str, Striatum).
∗ Indicates the studies that described functional consequences to focal Ca2+, rather than global Ca2+ responses.
elevations and ATP release, whose metabolite adenosine will
activate A1 receptors (Serrano et al., 2006). More recently,
Mariotti et al. (2016) showed that the activation of GABAB
receptors evoked somatic Ca2+ elevations, consequently leading
to the occurrence of SICs in cortical pyramidal neurons.
Curiously, these effects were absent in IP3R2 KO mice suggesting
a relationship between Gi-coupled GPCRs and IP3 signaling
in astrocytes. Moreover, the activation of astrocytic GABAB
receptors triggered intracellular Ca2+ elevations in hippocampal
CA1 astrocytes, which led to synaptic potentiation via glutamate
release and modulation of presynaptic group I mGluRs (Perea
et al., 2016).
Astrocytic Ca2+ signaling also plays a role in structural
integrity of synapses. It was reported that the IP3 “sponge”
mouse model, whose astrocytic IP3 signaling is impaired, has a
reduced astrocytic coverage of asymmetric synapses leading to
modulation of glutamatergic transmission (Tanaka et al., 2013).
In accordance, activity-related structural remodeling of astrocytic
processes in the vicinity of synapses was shown to depend on
presynaptic activity and to require G-protein-mediated Ca2+
elevations in astrocytes, both in the hippocampus and in the
cortex (Perez-Alvarez et al., 2014).
Finally, Navarrete et al. (2013) studied cortical and
hippocampal human brain samples and showed that increases
in intracellular Ca2+ levels of both cortical and hippocampal
astrocytes are accompanied by an increase in SICs frequency.
These observations confirm that, partially at least, astrocyte Ca2+
elevations are also required to modulate synapses in the human
brain.
Most of the studies mentioned above regarding synaptic
modulation reported consequences of somatic (or in major
processes) Ca2+ elevations. Recently, several elegant studies
suggested that Ca2+ signals occurring only at astrocyte
microdomains are sufficient to modulate synaptic events.
Specifically, Ca2+ signals in astrocyte processes of the
hippocampal dentate gyrus are relevant for basal synaptic
function, since the application of a Ca2+ chelator or an
antagonist for a GPCR predominantly expressed in astrocyte
processes decreased synaptic efficacy (Di Castro et al., 2011).
Similarly, mGluR-dependent astrocytic Ca2+ signaling was
shown to mediate the regulation of basal transmission in CA1
pyramidal neuron synapses (Panatier et al., 2011). The Ca2+
signaling that occurs at the distant processes appears to originate
from distinct sources, other than the endoplasmic reticulum.
For instance, TRPA1 channels mediate a transmembrane Ca2+
flux pathway with contributions to basal Ca2+ levels and
regulation of interneuron inhibitory synapse efficacy via GAT-3
(Shigetomi et al., 2012). In addition, the same group showed
that TRPA1 activation contributes to the release of D-serine
into the extracellular space, which consequently influences
NMDA-dependent hippocampal plasticity (Shigetomi et al.,
2013).
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Most of the available data resulted from experimental
approaches that block general astrocyte Ca2+ elevations, namely
by using Ca2+ chelators or genetic IP3R2 deletion. This may
explain the current bias toward effects of global (soma and
main processes) Ca2+ signals rather than that of focal events
(restricted to cellular microdomains). Nevertheless, it is now clear
that global and focal signals coexist in specific spatio-temporal
maps. Despite the 10- to 100-fold scale that distinguishes global
and focal signals, both have been shown to precede transmitter
release and modulate different forms of synaptic transmission
(for review, Volterra et al., 2014). Future studies are needed to
further discriminate their functional consequences.
Altogether, these sets of data suggest that astrocytes
integrate brain circuits following two physiological mechanisms
(Figure 1). First, the activation of astrocytes appears to represent
a novel integration mechanism. Astrocyte Ca2+ elevations
not only occur upon activation through various excitatory
transmitters (e.g., glutamate, ATP, or acetylcholine), but can
also be triggered by the inhibitory transmitter GABA. This
means that, independently of the nature of the transmitter,
astrocytes will be excited/activated (Figure 1, left), suggesting
they integrate some brain circuits as a redundant layer that
reads excitatory and inhibitory neuronal inputs similarly. This
concept may add up to the mechanisms of coincidence detection
proposed a decade ago by Perea and Araque (2005, 2007).
Second, upon activation and Ca2+ elevation, astrocytes release
gliotransmitters that ultimately cause either neuronal excitation
(e.g., glutamate or D-serine) or inhibition (e.g., ATP degraded
to adenosine). Curiously, the available literature indicates
that astrocytes provide, in most cases, an excitatory output.
Nevertheless, astrocytes also release ATP, which is readily
degraded to adenosine and in turn activates A1 receptor leading
to synaptic inhibition (Serrano et al., 2006; Martin-Fernandez
et al., 2017). This suggests that the type of modulation performed
by astrocytes relies not only on the type of transmitter released
(which is an intrinsic specificity of the astrocyte), but also on the
nature of the receptors expressed by the neighboring cells (which
depends on the nature of the neural circuit). In accordance,
Martin-Fernandez et al. (2017) also showed that astrocyte-
derived ATP results ultimately in excitation or inhibition,
depending on the type of receptors found by adenosine.
Whether brain circuits are endowed with exclusively excitatory
and/or exclusively inhibitory astrocytes, or if these cells play
both roles simultaneously (i.e., express machinery to produce,
load, and release different transmitters), is still unknown. The
first case would not be surprising, since it is the reality for
the different neuronal cells (e.g., excitatory glutamatergic vs.
inhibitory GABAergic). While recent technical advances have
provided fruitful reports of unexpected physiological processes,
future studies are needed to confirm their relevance for circuit
function.
Astrocyte Calcium and Neural Circuits
The difficulty to measure and/or manipulate intracellular
astrocytic Ca2+ in the intact brain may explain the lack
of studies that report on its functional consequences for
circuit and behavior computation. Still, recent reports indicate
that the Ca2+-dependent modulation of single synapses (as
reviewed above) also have an expected impact on brain
circuits.
Regarding the control of cortical synchronization, it was
observed that astrocyte Ca2+ elevations in vivo regulate
extracellular glutamate levels, which consequently triggers a slow
neuronal rhythm in the brain. This event is characterized by
synchronized neuronal firing across different behavioral states,
and points to an important regulatory role of astrocytes in cortical
circuits (Poskanzer and Yuste, 2016). This observation is in line
with previous studies performed in brain slices of the cortex
and hippocampus that showed reduced neural synchrony upon
disruption of astrocytic Ca2+ elevations (Poskanzer and Yuste,
2011; Sasaki et al., 2014). Neural rhythmicity in these regions
is essential for several behavioral functions such as attention,
learning, memory, and control of sleep/wake cycles (for review,
Oliveira et al., 2015). IP3R2-dependent signaling appears to
support ripple-type events that occur during non-theta periods
in the CA1 of rodents, a mechanism that might be related to
the emotional consequences of social isolation (Tanaka et al.,
2017).
In the rat trigeminal sensorimotor circuit for mastication,
neural rhythmicity arises after sensory encoding. In this
circuit, astrocytes actively respond to sensory stimuli by
elevating their intracellular Ca2+ levels and, thus, regulating
neuronal rhythmic activity, in brainstem slices (Morquette
et al., 2015). Furthermore, in thalamo-cortical circuits, astrocytic
Ca2+ elevations contributed to the modulation of sensory
transmission. More specifically, the activation of mGluR2
triggers intracellular Ca2+ elevations in astrocytes, which are
blocked by the astrocyte-specific toxin fluorocitrate. This effect
described in vivo and in brain slices is linked to sensory
inhibition in the rodent thalamus (Copeland et al., 2017).
Furthermore, simultaneous stimulation of whiskers and the
nucleus basalis of Meynert revealed that astrocytic Ca2+
elevations precede muscarinic acetylcholine receptor (mAChR)-
dependent plasticity in the somatosensory cortex in vivo. This
process is dependent on IP3R2 signaling and extracellular
D-serine (Takata et al., 2011). In the visual cortex, IP3R2-
mediated astrocytic Ca2+ elevations are also critical for the
integration of visual sensory inputs with the nucleus basalis
afferent information (Chen et al., 2012). Moreover, transcranial
direct current stimulation (tDCS) was shown to enhance sensory-
evoked cortical responses, through elevation of astrocytic
intracellular Ca2+ via IP3R2 (Monai et al., 2016). Thus,
the authors propose that astrocytic Ca2+ elevations might
mediate, at least in part, the recognized improvements obtained
by tDCS in neuropsychiatric and neurological conditions.
Finally, astrocyte Ca2+ elevation appears to also be involved
in the maintenance of homeostatic mechanisms. Astrocytes
in brainstem chemoreceptor areas respond to physiological
decreases in pH with vigorous elevations in intracellular
Ca2+. These were shown to trigger the release of ATP,
inducing adaptive increases in breathing (Gourine et al.,
2010).
Astrocyte Ca2+ elevations appear to control the function of
brain circuits at least in two different forms. On one hand,
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astrocytes appear to control plasticity in synapses occurring
between neurons projecting to long distances, similarly to
the control of local synapses within one brain region, as
discussed above. On the other hand, astrocytes of a specific
region appear to support local neural synchronization states,
controlling the circuit output, most likely in a multi-synaptic
process. Whether the two forms of modulation use similar
mechanisms, i.e., whether regional integration is a product
of 10 to 1000 of synapses being similarly integrated, is still
unknown. However, it seems that both temporal and spatial
properties of Ca2+ signals are important for this modulation to
occur.
Astrocyte Calcium Effects on Behavior
The study of rodent models that display altered astrocyte
function indicated that astrocytes play important roles in
the production of behavior outputs in different dimensions
(cognition, emotion, motor, and sensory processing) (for review,
Oliveira et al., 2015). As reviewed above, astrocytic Ca2+
signaling is reported to mediate synaptic modulation in different
brain circuits. Genetic interference in this astrocytic hallmark
has been the main strategy used to assess the role played by
astrocyte Ca2+ elevations in behavior, with different laboratories
using mostly two approaches: (1) triggering intracellular Ca2+
elevations via chemogenetic activation of GPCR signaling, and
(2) inhibiting IP3 signaling by deletion of IP3 receptors or by
buffering IP3.
The genetic deletion of IP3R2, specifically in about 80% of
glial fibrillary acidic protein (GFAP)-positive cells (at least in the
cortex, hippocampus, and substantia nigra), does not appear to
influence spatial memory (Petravicz et al., 2014). However, the
attenuation of IP3 signaling in GLT1-positive cells led to partial
cognitive impairment (Tanaka et al., 2013). Despite the extensive
evidence showing a clear influence of astrocyte Ca2+ events
on synapses and circuits involved in cognitive behavior (e.g.,
hippocampus), these two studies provided only modest evidence
to support it. We believe that further studies using more specific
tools to modulate astrocyte Ca2+ will reveal additional links
to cognition. Indeed, we recently showed that spatial learning
and memory rely on astrocyte exocytosis, which is a Ca2+-
dependent mechanism, and therefore might be dependent on
astrocyte integration of surrounding activity (Sardinha et al.,
2017).
IP3-dependent astrocytic Ca2+ signaling does not seem to
be related to anxiety-like behavior as indicated by studies
using a constitutive (Cao et al., 2013; Tanaka et al., 2013) or
conditional (Petravicz et al., 2014) IP3R2 deletion. Regarding
the depressive-like behavior, the available data is not consistent.
While the constitutive deletion of IP3R2 was shown to trigger
some forms of a depressive phenotype (Cao et al., 2013), these
are completely absent in the model with conditional deletion
(Petravicz et al., 2014). Curiously, the GFAP-MrgA1 model
that allows stimulation of astrocyte Ca2+ displayed decreased
learned helplessness in the forced swim test (Cao et al., 2013).
Further experimentation is required to clarify these apparently
contradictory results. Finally, a recent study indicated that the
astrocytic control of excitatory/inhibitory inputs to the central
amygdala is crucial for fear-related behavior (Martin-Fernandez
et al., 2017).
Regarding motor function, the activation of IP3 “sponge”
or deletion of IP3R2 does not seem to interfere with
exploratory behavior (Cao et al., 2013; Tanaka et al., 2013;
Petravicz et al., 2014). Interestingly, the chemogenetic activation
of astrocyte Gq-coupled signaling led to an impairment
in motor coordination in an IP3R2-independent manner
(Agulhon et al., 2013). The specific ablation of IP3R2 in GLAST-
positive cells resulted in an impairment in motor-skill learning
of a forelimb reaching task (Padmashri et al., 2015). More so,
the attenuation of IP3/Ca2+ signaling in astrocytes resulted in
modulation of the rodent sleep, by increasing the time spent in
the rapid eye movement (REM) phase and the frequency of REM
periods (Foley et al., 2017).
While the research carried out so far has provided us
with critical knowledge of the influence of astrocytic Ca2+
in synaptic or circuit function, further research should be
performed to complement the rather sparse evidence on the
influence of astrocytes on behavior. Moreover, further evidence
will help clarify the discrepant results and reconcile the existent
observations. For instance, the different observed cognitive
outcomes might be related to the different mechanism used to
target intracellular Ca2+ (full deletion of IP3R2 vs. IP3 “sponge”),
or by the promotor used to drive astrocyte specificity (GFAP
vs. GLT1) that could result in differential regional expression.
Moreover, there are at least five different IP3R2 KO strains with
different genetic backgrounds (Oliveira et al., 2015); this might
not be critically relevant for studies of synaptic plasticity in brain
slices, but it may easily lead to distinct observations in behavior
tests. Additionally, the different studies should be conducted in a
standardized form to allow the linear comparison of the results.
All rodent models reported above result on drastic modulation
of global Ca2+ elevations. Intracellular Ca2+ rises may trigger
a multitude of signaling pathways. Thus, it must always be
considered that the interference with global Ca2+ events may
trigger several simultaneous consequences, which might lead
to confounding results. Although these models might be very
useful when carefully assessed, the research field requires the
development of more specific models to allow temporal and,
more importantly, local control of Ca2+ signals in physiological
processes.
CONCLUSION
Intracellular Ca2+ elevations are the mechanism by which
astrocytes decode afferent information and generate functional
outputs. Here, we discussed relevant information showing
that astrocytic Ca2+ elevations have a direct impact on
synapses (gliotransmitters release, synaptic plasticity, and
integrity) and influence circuit outputs (sensory plasticity and
network synchronization). However, the behavior readouts of
rodents whose global astrocytic Ca2+ was manipulated remain
inconsistent.
Astrocytic Ca2+ signals exhibit critical spatio-temporal
features that need to be fully understood to allow for the
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careful assessment of their functional implications. Among
them: spontaneous vs. evoked events; fast vs. slow elevations;
synchronous vs. asynchronous; global (soma and main processes)
vs. focal (microdomain); single vs. multiple astrocyte; local
vs. across brain regions; IP3-dependent vs. IP3-independent
mechanisms. The complementary application of existing tools, as
well as the development of accurate models to tackle its unique
and heterogeneous features, will provide us with novel insights
on its actions and consequences.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.
ACKNOWLEDGMENTS
The authors acknowledge N. C. Santos and J. D. Silva for
their helpful comments on the manuscript. This work was
supported by National Funds through Foundation for Science
and Technology (FCT) fellowships (SFRH/BPD/97281/2013 to
JO, SFRH/BD/101298/2014 to SG-G, IF/00328/2015 to JO,
IF/01079/2014 to LP); Marie Curie Fellowship FP7-PEOPLE-
2010-IEF 273936 and BIAL Foundation Grant 207/14 to JO
and 427/14 to LP; Northern Portugal Regional Operational
Programme (NORTE 2020), under the Portugal 2020 Partnership
Agreement, through the European Regional Development
Fund (FEDER; NORTE-01-0145-FEDER-000013); FEDER funds,
through the Competitiveness Factors Operational Programme
(COMPETE), and National Funds, through the FCT (POCI-01-
0145-FEDER-007038).
REFERENCES
Agarwal, A., Wu, P.-H., Hughes, E. G., Fukaya, M., Tischfield, M. A.,
Langseth, A. J., et al. (2017). Transient opening of the mitochondrial
permeability transition pore induces microdomain calcium transients in
astrocyte processes. Neuron 93, 587.e7–605.e7. doi: 10.1016/j.neuron.2016.
12.034
Agulhon, C., Boyt, K. M., Xie, A. X., Friocourt, F., Roth, B. L., and McCarthy,
K. D. (2013). Modulation of the autonomic nervous system and behaviour by
acute glial cell Gq protein-coupled receptor activation in vivo. J. Physiol. 591,
5599–5609. doi: 10.1113/jphysiol.2013.261289
Agulhon, C., Fiacco, T. A., and McCarthy, K. D. (2010). Hippocampal short- and
long-term plasticity are not modulated by astrocyte Ca2+ signaling. Science 327,
1250–1254. doi: 10.1126/science.1184821
Agulhon, C., Petravicz, J., McMullen, A. B., Sweger, E. J., Minton, S. K., Taves, S. R.,
et al. (2008). What is the role of astrocyte calcium in neurophysiology? Neuron
59, 932–946. doi: 10.1016/j.neuron.2008.09.004
Agulhon, C., Sun, M.-Y., Murphy, T., Myers, T., Lauderdale, K., and
Fiacco, T. A. (2012). Calcium signaling and gliotransmission in normal
vs. reactive astrocytes. Front. Pharmacol. 3:139. doi: 10.3389/fphar.2012.
00139
Araque, A., Carmignoto, G., Haydon, P. G., Oliet, S. H. R., Robitaille, R., and
Volterra, A. (2014). Gliotransmitters travel in time and space. Neuron 81,
728–739. doi: 10.1016/j.neuron.2014.02.007
Bazargani, N., and Attwell, D. (2016). Astrocyte calcium signaling: the third wave.
Nat. Neurosci. 19, 182–189. doi: 10.1038/nn.4201
Bindocci, E., Savtchouk, I., Liaudet, N., Becker, D., Carriero, G., and Volterra, A.
(2017). Three-dimensional Ca2+ imaging advances understanding of astrocyte
biology. Science 356:eaai8185. doi: 10.1126/science.aai8185
Cao, X., Li, L.-P., Wang, Q., Wu, Q., Hu, H.-H., Zhang, M., et al. (2013). Astrocyte-
derived ATP modulates depressive-like behaviors. Nat. Med. 19, 773–777.
doi: 10.1038/nm.3162
Chai, H., Diaz-Castro, B., Shigetomi, E., Monte, E., Octeau, J. C., Yu, X., et al.
(2017). Neural circuit-specialized astrocytes: transcriptomic, proteomic,
morphological, and functional evidence. Neuron 95, 531.e9–549.e9.
doi: 10.1016/j.neuron.2017.06.029
Chen, N., Sugihara, H., Sharma, J., Perea, G., Petravicz, J., Le, C., et al. (2012).
Nucleus basalis-enabled stimulus-specific plasticity in the visual cortex is
mediated by astrocytes. Proc. Natl. Acad. Sci. U.S.A. 109, E2832–E2841.
doi: 10.1073/pnas.1206557109
Copeland, C. S., Wall, T. M., Sims, R. E., Neale, S. A., Nisenbaum, E., Parri,
H. R., et al. (2017). Astrocytes modulate thalamic sensory processing via
mGlu2 receptor activation. Neuropharmacology 121, 100–110. doi: 10.1016/j.
neuropharm.2017.04.019
Di Castro, M. A., Chuquet, J., Liaudet, N., Bhaukaurally, K., Santello, M.,
Bouvier, D., et al. (2011). Local Ca2+ detection and modulation of synaptic
release by astrocytes. Nat. Neurosci. 14, 1276–1284. doi: 10.1038/nn.2929
Foley, J., Blutstein, T., Lee, S., Erneux, C., Halassa, M. M., and Haydon, P. (2017).
Astrocytic IP3/Ca2+ signaling modulates theta rhythm and REM sleep. Front.
Neural Circuits 11:3. doi: 10.3389/fncir.2017.00003
Gómez-Gonzalo, M., Navarrete, M., Perea, G., Covelo, A., Martín-Fernández, M.,
Shigemoto, R., et al. (2015). Endocannabinoids Induce lateral long-term
potentiation of transmitter release by stimulation of gliotransmission. Cereb.
Cortex 25, 3699–3712. doi: 10.1093/cercor/bhu231
Gourine, A. V., Kasymov, V., Marina, N., Tang, F., Figueiredo, M. F., Lane, S., et al.
(2010). Astrocytes control breathing through ph-dependent release of ATP.
Science 329, 571–575. doi: 10.1126/science.1190721
Henneberger, C., Papouin, T., Oliet, S. H. R., and Rusakov, D. A. (2010). Long-
term potentiation depends on release of D-serine from astrocytes. Nature 463,
232–236. doi: 10.1038/nature08673
Kanemaru, K., Sekiya, H., Xu, M., Satoh, K., Kitajima, N., Yoshida, K., et al. (2014).
In vivo visualization of subtle, transient, and local activity of astrocytes using an
ultrasensitive Ca2+ indicator. Cell Rep. 8, 311–318. doi: 10.1016/j.celrep.2014.
05.056
Khakh, B. S., and McCarthy, K. D. (2015). Astrocyte calcium signaling: from
observations to functions and the challenges therein.Cold Spring Harb. Perspect.
Biol. 7:a020404. doi: 10.1101/cshperspect.a020404
Leybaert, L., and Sanderson, M. J. (2012). Intercellular Ca2+ waves: mechanisms
and function. Physiol. Rev. 92, 1359–1392. doi: 10.1152/physrev.00029.2011
Mariotti, L., Losi, G., Sessolo, M., Marcon, I., and Carmignoto, G. (2016). The
inhibitory neurotransmitter GABA evokes long-lasting Ca2+ oscillations in
cortical astrocytes. Glia 64, 363–373. doi: 10.1002/glia.22933
Martín, R., Bajo-Grañeras, R., Moratalla, R., Perea, G., and Araque, A. (2015).
Circuit-specific signaling in astrocyte-neuron networks in basal ganglia
pathways. Science 349, 730–734. doi: 10.1126/science.aaa7945
Martin-Fernandez, M., Jamison, S., Robin, L. M., Zhao, Z., Martin, E. D., Aguilar, J.,
et al. (2017). Synapse-specific astrocyte gating of amygdala-related behavior.
Nat. Neurosci. 20, 1540–1548. doi: 10.1038/nn.4649
Monai, H., Ohkura, M., Tanaka, M., Oe, Y., Konno, A., Hirai, H., et al.
(2016). Calcium imaging reveals glial involvement in transcranial direct
current stimulation-induced plasticity in mouse brain. Nat. Commun. 7:11100.
doi: 10.1038/ncomms11100
Morquette, P., Verdier, D., Kadala, A., Féthière, J., Philippe, A. G., Robitaille, R.,
et al. (2015). An astrocyte-dependent mechanism for neuronal rhythmogenesis.
Nat. Neurosci. 18, 844–854. doi: 10.1038/nn.4013
Navarrete, M., and Araque, A. (2008). Endocannabinoids mediate neuron-
astrocyte communication. Neuron 57, 883–893. doi: 10.1016/j.neuron.2008.
01.029
Navarrete, M., Perea, G., de Sevilla, D. F., Gómez-Gonzalo, M., Núñez, A., Martín,
E. D., et al. (2012). Astrocytes mediate in vivo cholinergic-induced synaptic
plasticity. PLOS Biol. 10:e1001259. doi: 10.1371/journal.pbio.1001259
Navarrete, M., Perea, G., Maglio, L., Pastor, J., García de Sola, R., and Araque, A.
(2013). Astrocyte calcium signal and gliotransmission in human brain tissue.
Cereb. Cortex 23, 1240–1246. doi: 10.1093/cercor/bhs122
Frontiers in Cellular Neuroscience | www.frontiersin.org 6 January 2018 | Volume 11 | Article 427
fncel-11-00427 January 12, 2018 Time: 13:29 # 7
Guerra-Gomes et al. Functional Roles of Astrocyte Calcium
Nedergaard, M., Rodríguez, J. J., and Verkhratsky, A. (2010). Glial calcium and
diseases of the nervous system. Cell Calcium 47, 140–149. doi: 10.1016/j.ceca.
2009.11.010
Nizar, K., Uhlirova, H., Tian, P., Saisan, P. A., Cheng, Q., Reznichenko, L., et al.
(2013). In vivo stimulus-induced vasodilation occurs without IP3 receptor
activation and may precede astrocytic calcium increase. J. Neurosci. 33,
8411–8422. doi: 10.1523/JNEUROSCI.3285-12.2013
Oliveira, J. F., Sardinha, V. M., Guerra-Gomes, S., Araque, A., and Sousa, N. (2015).
Do stars govern our actions? Astrocyte involvement in rodent behavior. Trends
Neurosci. 38, 535–549. doi: 10.1016/j.tins.2015.07.006
Pabst, M., Braganza, O., Dannenberg, H., Hu, W., Pothmann, L., Rosen, J.,
et al. (2016). Astrocyte intermediaries of septal cholinergic modulation in the
hippocampus. Neuron 90, 853–865. doi: 10.1016/j.neuron.2016.04.003
Padmashri, R., Suresh, A., Boska, M. D., and Dunaevsky, A. (2015). Motor-skill
learning is dependent on astrocytic activity. Neural Plast. 2015:11. doi: 10.1155/
2015/938023
Panatier, A., Vallée, J., Haber, M., Murai, K. K., Lacaille, J.-C., and Robitaille, R.
(2011). Astrocytes are endogenous regulators of basal transmission at central
synapses. Cell 146, 785–798. doi: 10.1016/j.cell.2011.07.022
Papouin, T., Dunphy, J. M., Tolman, M., Dineley, K. T., and Haydon, P. G. (2017).
Septal cholinergic neuromodulation tunes the astrocyte-dependent gating of
hippocampal NMDA receptors to wakefulness. Neuron 94, 840.e7–854.e7.
doi: 10.1016/j.neuron.2017.04.021
Parpura, V., Grubišic´, V., and Verkhratsky, A. (2011). Ca2+ sources for the
exocytotic release of glutamate from astrocytes. Biochim. Biophys. Acta BBA
Mol. Cell Res. 1813, 984–991. doi: 10.1016/j.bbamcr.2010.11.006
Perea, G., and Araque, A. (2005). Properties of synaptically evoked astrocyte
calcium signal reveal synaptic information processing by astrocytes. J. Neurosci.
25, 2192–2203. doi: 10.1523/JNEUROSCI.3965-04.2005
Perea, G., and Araque, A. (2007). Astrocytes potentiate transmitter release at single
hippocampal synapses. Science 317, 1083–1086. doi: 10.1126/science.1144640
Perea, G., Gómez, R., Mederos, S., Covelo, A., Ballesteros, J. J., Schlosser, L., et al.
(2016). Activity-dependent switch of GABAergic inhibition into glutamatergic
excitation in astrocyte-neuron networks. eLife 5:e20362. doi: 10.7554/eLife.
20362
Perea, G., Sur, M., and Araque, A. (2014). Neuron-glia networks: integral gear of
brain function. Front. Cell. Neurosci. 8:378. doi: 10.3389/fncel.2014.00378
Perez-Alvarez, A., Navarrete, M., Covelo, A., Martin, E. D., and Araque, A. (2014).
Structural and functional plasticity of astrocyte processes and dendritic spine
interactions. J. Neurosci. 34, 12738–12744. doi: 10.1523/JNEUROSCI.2401-14.
2014
Petravicz, J., Boyt, K. M., and McCarthy, K. D. (2014). Astrocyte IP3R2-dependent
Ca2+ signaling is not a major modulator of neuronal pathways governing
behavior. Front. Behav. Neurosci. 8:384. doi: 10.3389/fnbeh.2014.00384
Petravicz, J., Fiacco, T. A., and McCarthy, K. D. (2008). Loss of IP3
receptor-dependent Ca2+ increases in hippocampal astrocytes does not affect
baseline CA1 pyramidal neuron synaptic activity. J. Neurosci. 28, 4967–4973.
doi: 10.1523/JNEUROSCI.5572-07.2008
Petrelli, F., and Bezzi, P. (2016). Novel insights into gliotransmitters. Curr. Opin.
Pharmacol. 26, 138–145. doi: 10.1016/j.coph.2015.11.010
Petzold, G. C., and Murthy, V. N. (2011). Role of astrocytes in neurovascular
coupling. Neuron 71, 782–797. doi: 10.1016/j.neuron.2011.08.009
Poskanzer, K. E., and Yuste, R. (2011). Astrocytic regulation of cortical UP
states. Proc. Natl. Acad. Sci. U.S.A. 108, 18453–18458. doi: 10.1073/pnas.111237
8108
Poskanzer, K. E., and Yuste, R. (2016). Astrocytes regulate cortical state switching
in vivo. Proc. Natl. Acad. Sci. U.S.A. 113, E2675–E2684. doi: 10.1073/pnas.
1520759113
Reyes, R. C., Verkhratsky, A., and Parpura, V. (2013). TRPC1-mediated Ca2+ and
Na+ signalling in astroglia: differential filtering of extracellular cations. Cell
Calcium 54, 120–125. doi: 10.1016/j.ceca.2013.05.005
Rusakov, D. A., Bard, L., Stewart, M. G., and Henneberger, C. (2014). Diversity
of astroglial functions alludes to subcellular specialisation. Trends Neurosci. 37,
228–242. doi: 10.1016/j.tins.2014.02.008
Sardinha, V. M., Guerra-Gomes, S., Caetano, I., Tavares, G., Martins, M., Reis,
J. S., et al. (2017). Astrocytic signaling supports hippocampal–prefrontal theta
synchronization and cognitive function. Glia 65, 1944–1960. doi: 10.1002/glia.
23205
Sasaki, T., Ishikawa, T., Abe, R., Nakayama, R., Asada, A., Matsuki, N., et al.
(2014). Astrocyte calcium signalling orchestrates neuronal synchronization
in organotypic hippocampal slices. J. Physiol. 592, 2771–2783. doi: 10.1113/
jphysiol.2014.272864
Scemes, E., and Giaume, C. (2006). Astrocyte calcium waves: what they are and
what they do. Glia 54, 716–725. doi: 10.1002/glia.20374
Serrano, A., Haddjeri, N., Lacaille, J.-C., and Robitaille, R. (2006). GABAergic
network activation of glial cells underlies hippocampal heterosynaptic
depression. J. Neurosci. 26, 5370–5382. doi: 10.1523/JNEUROSCI.5255-05.2006
Sherwood, M. W., Arizono, M., Hisatsune, C., Bannai, H., Ebisui, E., Sherwood,
J. L., et al. (2017). Astrocytic IP3Rs: contribution to Ca2+ signalling and
hippocampal LTP. Glia 65, 502–513. doi: 10.1002/glia.23107
Shigetomi, E., Jackson-Weaver, O., Huckstepp, R. T., O’Dell, T. J., and Khakh,
B. S. (2013). TRPA1 channels are regulators of astrocyte basal calcium levels
and long-term potentiation via constitutive D-serine release. J. Neurosci. 33,
10143–10153. doi: 10.1523/JNEUROSCI.5779-12.2013
Shigetomi, E., Patel, S., and Khakh, B. S. (2016). Probing the complexities of
astrocyte calcium signaling. Trends Cell Biol. 26, 300–312. doi: 10.1016/j.tcb.
2016.01.003
Shigetomi, E., Tong, X., Kwan, K. Y., Corey, D. P., and Khakh, B. S. (2012). TRPA1
channels regulate astrocyte resting calcium and inhibitory synapse efficacy
through GAT-3. Nat. Neurosci. 15, 70–80. doi: 10.1038/nn.3000
Srinivasan, R., Lu, T.-Y., Chai, H., Xu, J., Huang, B. S., Golshani, P., et al. (2016).
New transgenic mouse lines for selectively targeting astrocytes and studying
calcium signals in astrocyte processes in situ and in vivo. Neuron 92, 1181–1195.
doi: 10.1016/j.neuron.2016.11.030
Takata, N., and Hirase, H. (2008). Cortical layer 1 and layer 2/3 astrocytes exhibit
distinct calcium dynamics in vivo. PLOS ONE 3:e2525. doi: 10.1371/journal.
pone.0002525
Takata, N., Mishima, T., Hisatsune, C., Nagai, T., Ebisui, E., Mikoshiba, K.,
et al. (2011). Astrocyte calcium signaling transforms cholinergic modulation
to cortical plasticity in vivo. J. Neurosci. 31, 18155–18165. doi: 10.1523/
JNEUROSCI.5289-11.2011
Tanaka, M., Shih, P.-Y., Gomi, H., Yoshida, T., Nakai, J., Ando, R., et al. (2013).
Astrocytic Ca2+ signals are required for the functional integrity of tripartite
synapses. Mol. Brain 6:6. doi: 10.1186/1756-6606-6-6
Tanaka, M., Wang, X., Mikoshiba, K., Hirase, H., and Shinohara, Y. (2017).
Rearing-environment-dependent hippocampal local field potential differences
in wild-type and inositol trisphosphate receptor type 2 knockout mice.
J. Physiol. 595, 6557–6568. doi: 10.1113/JP274573
Vardjan, N., Verkhratsky, A., and Zorec, R. (2017). Astrocytic pathological calcium
homeostasis and impaired vesicle trafficking in neurodegeneration. Int. J. Mol.
Sci. 18:358. doi: 10.3390/ijms18020358
Verkhratsky, A., Reyes, R. C., and Parpura, V. (2013). “TRP channels coordinate
ion signalling in astroglia,” in Reviews of Physiology, Biochemistry and
Pharmacology 166. Reviews of Physiology, Biochemistry and Pharmacology, Vol.
166, eds B. Nilius, T. Gudermann, R. Jahn, R. Lill, S. Offermanns, and O. H.
Petersen (Cham: Springer), 1–22.
Volterra, A., Liaudet, N., and Savtchouk, I. (2014). Astrocyte Ca2+ signalling:
an unexpected complexity. Nat. Rev. Neurosci. 15, 327–335. doi: 10.1038/
nrn3725
Wang, X., Lou, N., Xu, Q., Tian, G.-F., Peng, W. G., Han, X., et al. (2006).
Astrocytic Ca2+ signaling evoked by sensory stimulation in vivo. Nat. Neurosci.
9, 816–823. doi: 10.1038/nn1703
Zorec, R., Araque, A., Carmignoto, G., Haydon, P. G., Verkhratsky, A., and
Parpura, V. (2012). Astroglial excitability and gliotransmission: an appraisal of
Ca2+ as a signalling route. ASN Neuro 4:e00080. doi: 10.1042/AN20110061
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Guerra-Gomes, Sousa, Pinto and Oliveira. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Cellular Neuroscience | www.frontiersin.org 7 January 2018 | Volume 11 | Article 427
